The formation of biofilm on surfaces in the marine environment is believed to be an important factor driving colonization and recruitment of some sessile invertebrate communities. The present study follows the process of biofilm buildup on unglazed ceramic tiles deployed into the marine environment in the northern Gulf of Eilat. PCR-DGGE of film eluted from the tile surface indicated the presence of bacteria as early as 2 h after deployment. The makeup of the biofilm bacterial community was dynamic. Bacterial presence was apparent microscopically 6 h after deployment, though a developed biofilm was not observed until 24 h following deployment. Total organic carbon (TOC) data suggest that a conditioning film was built within the first four hours following deployment. During this time period TOC reached the highest level possibly due to adhesion of organics (e.g., sugars, proteins and humic substances) from the water column. We suggest that the primary adhering bacteria, whilst still in the reversible stage of adhesion, utilize the conditioning film as food causing the decrease in TOC. Understanding the dynamics between these primary bacterial settlers is of importance, since they may play a role on the succession of invertebrate species settlement onto artificial surfaces.
Introduction
The succession and dynamics of surface colonization in the marine environment, particularly in the early stages of biofilm formation are not well understood. Regardless of the environment, biofilm formation commences with the adsorption of a conditioning film, made up of polysaccharides, proteins, lipids, humic acids, nucleic acids and aromatic amino acids to which the early colonizing bacteria subsequently adhere (Bakker et al., 2004; Bhosle et al., 2005) . Association of microorganisms with surfaces is a multitiered process that involves irreversible adhesion and growth in multilayered micro-colonies.
Although bacteria can be planktonic, in most natural ecosystems they grow better on interfaces in a biofilm, making the formation of biofilms on these surfaces a good survival strategy (O'Toole & Kolter, 1998) . Biofilm is initiated when a free floating (planktonic) bacterium contacts and adheres to a surface. This bacterium then produces an extra-cellular matrix that embeds the cells in the microcolonies and appears to glue them to each other and to the surface (Stoodley et al., 2002) . The conditioning of natural surfaces by organic substances provides bacteria with an opportunity to take advantage of concentrated foodstuffs possibly also to gain some protective value against predators and toxic agents (Beveridge et al., 1997) .
Biofilm formation can proceed via multiple, convergent signaling pathways, which are regulated by various environmental signals (O'Toole & Kolter, 1998) . Studies have shown that in the marine environment, seasonal changes affect the chemical composition of the conditioning film, and that these changes affect the initial adhering community composition (Bakker et al., 2003; Bhosle et al., 2005) . The importance of this biofilm in the marine environment is its role as a settlement inducer for a large number of sessile invertebrates that make up the base of any living reef system. Indeed invertebrate larval settlement has been suggested to be a function of the biofilm community's bacterial species composition (Kirchman et al., 1982; Lau et al., 2002 Lau et al., , 2005 Lee & Qian, 2003; Webster et al., 2004; Jin & Qian, 2005) .
The present study describes the initial 24 h of biofilm formation and succession, occurring on the surface of unglazed ceramic tiles in an artificial reef deployed in the northern Gulf of Eilat. This study is part of Italian-Israeli collaboration studying recruitment of organisms to artificial reef structures.
Materials and methods

Preparation and samples collections
The Italian-Israeli project characterized artificial reef development on perforated unglazed ceramic tiles. The site to which the experimental recruitment tiles were deployed was at the vicinity of the Inter-University Institute for Marine Science (IUI) (29151 0 N, 34194 0 E) at a depth of 19 m in the northern Gulf of Eilat. Water temperature was 25.15 AE 0.65 1C and salinity was 40.79 AE 0.06 (ppm). The tiles were cut using a diamond disk to fragments 0.5 Â 1.5 cm in size. The pieces were then washed with double distilled water (DDW) and dried in an oven at 105 1C for at least 24 h. They were glued together and sealed around with neutral silicon in order to expose only the upper surface of the tiles. This was done in order to be able to easily remove small sub-samples for various laboratory investigations. Tiles were deployed between July and August (5.7.04, 19.7.04 and 9.8.04). Sample tiles were collected 2, 4, 6, 8, 24 h following deployment and analyzed by denaturing gradient gel electrophoresis analysis (DGGE), as well as for the appearance of microorganisms using scanning electron microscopy (SEM) and total organic carbon (TOC). Additional sample tiles were collected 16 days following deployment for comparison.
Upon each collection, the tiles were dipped in sterile artificial sea water (ASW-Instant Ocean, salinity 39 ppm) to remove non-attached materials like sand, and immediately stored at 4 1C. No additional attempt was carried out to remove attached organisms. The tiles were brought to the lab in a cooler for analyses and all samples were processed within 24 h of collection. Since carbohydrate-rich adhesive materials are often produced by transiently or permanently attached microorganisms, then at each time period, samples were measured for TOC in triplicate or more.
Sample analysis
In the lab the tile fragments were separated from each other and placed in sterile 15 mL tubes and stored at À 80 1C. At least three replicate test tubes (15 mL) containing 3 tile fragments each, for every time period were prepared. Dry tile fragments were used as controls. For TOC analysis NaOH (3.5 mL, 0.5 M) was added to every tube, which was covered and maintained at 100 1C for 20 min. After cooling to room temperature 1 mL aliquots were taken for TOC measurement (Apollo 9000, Tekmar Dohrmann, with a detection limit o 1 part per million (ppm)).
The statistical significance of the difference between the TOC levels on tile fragments at different hours of deployment was determined by Kruskal-Wallis nonparamertric analysis of variance, followed by post hoc multiple comparisons. Analyses were performed using STATISTICA (a data analysis software system) version 7.0 (StatSoft, Inc.).
Fixation for SEM was carried out by 2 h incubation in 2% Glutaraldehyde in sterile ASW. This was followed by three washes with ASW 20 min each, then 50% ethanol 30 min Â 2, 70% ethanol over night, 95% ethanol 30 min Â 2, 100% ethanol 30 min and 100% ethanol overnight. The tiles fragments were then gold coated in a vacuum using SEM coating unit polaron E 5100 before SEM (Quanta 200).
Molecular technique
DNA extraction
Three additional 15 mL glass test tube containing 3 tiles fragments each, were prepared for every time period. Dry tile fragments were used as a control. 3.5 mL sterile double distilled water (DDW) was added to every tube. The tubes were then put in a Mini Supersonic Cleaner DG-1 for 10 min. Lysozyme from chicken egg white (Sigma) was added to a final concentration of 2.5 mg mL À1 and incubated for 1 h at 37 1C. Between 2-3 mL of the clear liquid were placed in a new tube and ethanol precipitation was carried out (Sambrook & Russell, 2001) . DNA was extracted using Accu-Prep genomic DNA extraction kit -Bioneer (Cat. No. K-3032).
PCR amplification for denaturing gradient gel electrophoresis (DGGE)
Total DNA was amplified with a Mastercycler gradient thermocycler (Eppendorf, Westbury, N.Y.) by PCR using general 16S rRNA gene primers for bacteria (forward primer, 341F-GC (GM5F-GC), (5 0 -CCTACGGGAGGCAG CAG) and reverse primer, 907R, (5 0 -CCGTCAATTCMTTT GAGTTT) (Sigma-Genosys). The universal primers were tested to eliminate dimers or non specific annealing by using the computer software package Amplify 1.0 program (Bill Engels, University of Wisconsin). Reaction mixtures included 25 mL ReddyMix (PCR Master mix containing 1.5 mM MgCl 2 and 0.2 mM concentration of each deoxynucleoside triphosphate) (ABgene, Surrey, UK), 2 mL each of the forward and reverse primers, 4 mL of the sample preparation, and water to bring the total volume to 50 mL. An initial step of 4 min at 95 1C was followed by 35 cycles of the following incubation pattern: 94 1C for 40 s, 53 1C for 40 s, and 72 1C for 50 s. A final extension at 72 1C for 20 min concluded the reaction. DGGE was performed with a BioRad Dcode TM , Universal Mutation Detection System. Approximately 45 mL of PCR product from environmental samples were added to each well at 60 1C and run for 13 h at 100 V in a linear 30 to 70% denaturant gradient (Formamide deionized and Urea) gel. DGGE bands were excised, resuspended in 50 mL DDW and stored overnight at 4 1C. The samples were then amplified by PCR with the original primer set but lacking GC clamp. PCR products were purified by electrophoresis through a 1% agarose gel (Sigma), stained with ethidium bromide, and visualized on a UV transilluminator (Vilber Lourmat). The approximately 560-bp heterologous ribosomal DNA (rDNA) products were excised from the gel, and the DNAs were purified from the gel slice by using the Wizard PCR Prep kit (Promega, Madison, Wis.). The DNA was then sent to sequencing using ABI PRISM 377 DNA Sequencer (Applied Biosystems) with the primer 341F (GM5F). The sequences were compared with those in the GenBank database with the basic local alignment search tool BLAST (http://www.ncbi.nlm.nih.gov/ blast/blast.cgi).
Results
During July-August 2004 the average of total organic carbon (TOC) initially increased in the first few hours following deployment. This was followed by a decline which continued during the first 24 h (Fig. 1) . Kruskal-Wallis ANOVA by Ranks indicated that a significant difference existed between the TOC readings at the different time points (P o 0.003). Multiple comparison of mean ranks for all groups showed significant differences between 2 and 24 h (P o 0.02) and between control and 2, 4, 6 and 8 h (P o 0.02). Interestingly, there was no significant difference between the control tiles (tiles that hadn't been submerged in the sea) and tiles that spent 24 h in the sea.
Scanning electron microscopy (SEM) showed clear differences between 2 to 8 h and 24 h (Fig. 2) . Sparsely distributed bacteria were evident after 6 h but no bacterial biofilm was Kruskal-Wallis ANOVA by Ranks was followed by Multiple Comparison of Mean Ranks. A significant increase in TOC (P o 0.02) was found between 0 and 2 h submersion, followed by a significant decrease after 24 h. The statistical differences between the time frames are indicated by alphabetic letters on the figure that represent minimal significant difference of (P o 0.02). observed. After 24 h, sporadic areas of microbial biofilm formation were evident. The initial biofilm was made-up of coccoid-shaped and rod-shaped bacteria as well as some adhering Foraminifera (data not shown). Denaturing gradient gel electrophoresis (DGGE) from samples collected during July-August 2004 (Fig. 3) showed the appearance of the bacterium Stenotrophomonas sp. which was observed between 2 h and 16 days after deployment. Rhodocyclaceae and Planctomycete sp. weren't evident during the first 6 h but appeared 8 h following deployment in all the time frames (2 samples in every time frame). A Rhodobacter group was evident only 16 days after deployment. Two types of Hydrogenophaga sp. (marked as b and c in the figure) were identified after 8 h (in 2 of the 3 samples) and after 24 h (in 2 of the 5 samples). Hydrogenophaga sp. a (marked as a) and Begiatoa sp. were present after 8 h on one of the samples and again after 16 days. Janthinobacterium sp. appeared after 2 h, and remained throughout the first 24 h. The sequencies from this study have been deposited in the NCBI GenBank under accession numbers DQ095852 to DQ095859 and DQ098688.
Discussion
This study followed conditional film buildup as well as the primary settlement of microorganisms occurring during the first few hours following deployment of an artificial reef into the marine environment. To assess our biofilm extraction technique, we dyed the surface of some of the tiles with florescence dye (acridine orange). This method affirmed the removal of most of the microorganisms from the tile surface during the extraction process. Despite the fact that fixation procedures may have caused a loss of some exopolysaccharide polymers, and therefore loss of some of the cells attached to the plates during this time period, in the present study we could microscopically identify the development of an initial biofilm as early as 24 h following deployment (Fig. 2) .
Due to the problematic substrate characteristics presented by unglazed ceramic tiles, common methods like Crystal-Violet, direct protein (Lowry) or sugar assay were not applicable or did not provide data on changes within the first 24 h of immersion. We therefore chose to use TOC. In the present study an increase in TOC concentration was detected during the first 2-4 h of tile immersion (Fig. 1) . This can be explained by the buildup of conditioning film occurring during this time. Adsorption of organics onto surfaces seems to be occurring within the first few hours of immersion and these organics may be utilized by microorganisms that come in contact with them. This may be corroborated by results of a lab experiment by Bakker et al. (2004) that showed that there was an increase in the amount of surface nitrogen 1 h after immersion of polyurethane coating surfaces in sea water. They hypothesized that this rise was due to the presence of proteins on the surface. In addition, Bhosle et al. (2005) showed that during the first 24 h following immersion in sea water there was an increase in total hydrolysable amino acids (THAA) corresponding to most of the change in organic carbon and nitrogen. The analysis of organic carbon composition by Bhosle et al. (2005) suggested a shift from degraded matter in the first 8 h to fresh (non-degraded) matter at 20 h. Those results agree with the initial adsorption and biofilm development similar to that detected in the present study 24 h after immersion (Fig. 2) . We suggest that the initial reduction in total organic carbon levels described in the present study (Fig. 1) may have been the result of the primary adherents' utilization of the conditioning film, which in turn caused the initial temporary decrease in TOC due to the primary adherents' detachment from the surface. et al. (1996) showed that cells initiating biofilm formation on a surface are capable of independent movement during a stage of reversible adhesion before beginning to exude exopolysaccharides and adhere irreversibly. In the present study, DGGE revealed the presence of bacteria on the tile surface as early as 2 h following submersion (Fig. 3) though it was not possible to detect them microscopically until 6 h following immersion (Fig. 2) . These observed changes were supported by the changes in the TOC levels ( Fig. 1) occurring within the first 24 h after immersion. The first 24 h period post-deployment can therefore be considered as the time frame of the initial appearance of the 'stable' but sporadic biofilm (Fig. 2) .
Dalton
In our study, PCR-DGGE of the 16S rRNA gene that was performed on DNA eluted from the surface of the tiles and collected at different time periods following deployment, showed clear changes in the bacterial biofilm communities. Although using molecular techniques has limitations and bias (for examples see Hansen et al., 1998; Muyzer & Smalla, 1998; Ben-Dov et al., 2006) , never the less this technique can still provide an indication of microbial community changes occurring within the first 24 h following tile deployment (Fig. 3) .
The succession and dynamics of surface colonization in the marine environment, particularly in the early stages of biofilm formation are not well understood. We found that some early colonizers disappeared (e.g Janthinobacterium sp.), others appeared later (e.g. Rhodobacteraceae, Planctomycete sp., Rhodocyclaceae, Hydrogenophaga (b, c) sp.), while still others were stable and present throughout the study (e.g. Stenotrophomonas sp.). This indicates a distinct bacterial succession on the settlement plates, demonstrating transient attachment periods or competition between species. In the present study Rhodobacteraceae of the aProteobacteria was the dominant band in the DGGE gel after 16 days, but wasn't detected from the tiles in the first 24 h. Rhodobacteraceae have been detected in water samples in a number of estuaries (Crump et al., 1999; Buchan et al., 2005) . They have also been detected on a number of substrates deployed to marine and estuary environments. Dang & Lovell (2000 showed that Rhodobacter group is the dominant bacteria group in the early stages (1 to 6 days) of polyurethane coated and glass surfaces colonization in marine environments. Similarly, Jones et al. (2006) revealed that representatives of the Rhodobacteraceae were the most abundant members of biofilm communities on stainless steel and polycarbonate in seawater.
Biofilms can play an important role in mediating settlement of a number of marine organisms. Patel et al. (2003) showed that biofilm of Roseobacter gallaeciensis (Rhodobacteraceae family) on glass slides significantly stimulated settlement of the green alga Enteromorpha. Selective settlement on biofilms has been shown for larvae of many marine (Crisp & Ryland, 1960; Lau et al., 2002 Lau et al., , 2003 Lau et al., , 2005 Lee & Qian, 2003; Patel et al., 2003; Dahms et al., 2004; Webster et al., 2004) . Specific chemicals in microbial biofilms can serve as cues that either enhance or inhibit larvae settlement. For example, Lau et al. (2003) demonstrated that settlement of larval Polychaetes was shown to be affected by extracellular polymers (EPS) from bacteria from the Rhodobacteraceae. Dahms et al. (2004) demonstrated that the density of bacteria and the presence of particular species of diatoms and bacteria in combined biofilms, significantly affected the settlement of the bryozoan Bugula neritina larvae. The same bacteria on different substrates and in different combinations may have different effects on larva settlement (Kavouras & Maki, 2004) . Understanding the dynamics of primary bacterial settlers is particularly important because these changes may play a role in the succession and settlement of some invertebrate species onto artificial surfaces (Kirchman et al., 1982; Lau et al., 2002 Lau et al., , 2005 Lee & Qian, 2003; Qian et al., 2003; Webster et al., 2004; Jin & Qian, 2005) . Therefore, the presence of certain bacteria on certain substrates will dictate which invertebrates will adhere to those substrates. For that reason it is important to explore the dynamics of conditioning film and early biofilm development on different substrates.
